ADA056361 


NRL  Memorani 


Evaluation  of  a Triaxial  SQUID 
Magnetometer  Designed  for  Use  as 
an  ELF  Magnetic  Antenna 

S.  A.  Wolf 

Cryogenics  and  Superconductivity  Branch 
Electronics  Technology  Division 

and 

R.  J.  Dinger  and  J.  Goldstein 

Telecommunication  Systems  Technology 
Communications  Sciences  Division 


April  1978  D D G 


NAVAL  RESEARCH  LABORATORY 
Washington,  D.C. 


Approved  far  public  release;  distribulion  unlimiled. 

78  06  16  OIQ 


/ 


PlJ.^inger^AHEfl  J. /Goldstein  , 


1 REPORT  DOCUMENTATION  PAGE 

^ reat)  instructions 

BEFORE  COMPLETING  FORM 

, report 

NRL  Memorandum  iveporq3757 

: GOVT  ACCESSION  NO. 

/ 

3 RECIPIENT'S  CAT  ALOC  number 

2^ 

fT* 5wfc</(/fj  , 

EVALUATION  OF  A TRIAXIAL  SQUID  MAGNETOMETER 
DESIGNED  FOR  USE  AS  AN  ELF  MAGNETIC  ANTENNA#  I 

■:  I 


9 PERFORMING  organization  NAME  AND  *rtpo^gg  

Naval  Reses 
Washington 


Naval  Research  Laboratory  , j/  j h A'  'p  j ! 't  . j 

, D.C.  20375  {/iri  ' ’’  / 


H CONTROLLING  OFFICE  NAME  AND  ADDRESS 


^ 'i  - j 


14  monitoring  agency  NAME  ft  A OORESSr// from  ControHIng  Offtcoj 


Interim  repoi^^n  a continuing 
NRE'proEIem. 


6.  performing  org.  report  number 


e contract  or  grant  number^*; 


10  program  element  project,  task 
AREA  6 WORK  unit  NUMBERS 


NRL  Problem  P05-02 


^•"TOWBrCTtiF^AGES  T,  - " 

J? 

15.  security  CLAStS.  lipuil) 


UNCLASSIFIED 


ISa  declassification  DOWNGRADING 
SCHEDULE 


16  Distribution  statement  fot  thi*  ffoport) 

Approved  for  public  release;  distribution  unlimited. 


17  Distribution  statement  (of  tho  abalracf  in  Block  20.  It  dltforenl  from  Rmport) 


18  supplementary  NOTES 


19  KEY  WORDS  rConiinua  on  revarsa  aide  It  nacaaaary  and  Idontity  by  block  numbor) 

Extremely  low  frequency  Superconductivity 

Submarine  antennas  SQUID 

Antennas 
Receivers 


20  ABSTRAC  T fConllnuo  on  ravaraa  aida  It  nacaaaary  and  Idonlify  by  block  numbmr) 

A triaxial  SQUID  magnetometer  system  has  been  proposed  for  use  in  a submarine  towed  ELF 
receiving  antenna  system.  This  report  describes  the  testing  of  the  magnetometer  system  to  determine 
the  magnetic  orthogonality  among  the  channels  of  the  system,  the  instrument  noise  level  and 
responsivlty.  The  other  parameters  of  the  system,  mostly  electrical  in  nature,  had  been  determined 
previously.  -/ 


DO  , 1473  EDITION  OF  1 NOV  65  1$  OBSOLETE 

0 10  2*0  I 4*  6A0  1 


SECURITY  CLASSIFICATION  OF  THIS  PACE  flFhan  Oafa  Enttmd) 


16  Ox 


a 


ft 

,l 

r 


CONTENTS 


I.  INTRODUCTION  1 

II.  BACKGROUND 2 

III.  RESULTS  5 

A.  Goddard  Tests 5 

B.  Shielded  Room  Tests  9 

IV.  CONCLUSION  11 

V.  ACKNOWLEDGMENTS 12 

APPENDIX 13 

REFERENCES  17 


ACCESSIOri  _ 

' ?‘?ction 
: ..  re.,!ion 


^ 

BISIRieUTION/liYAIlABlUIY  CODES 

Dist.  a<AIL.  and/or  SPECIAL 

/? 

NT’S 

DOC  ! 

WWVNC’OCli. 
iUSTI  ICftTIOS  . 


iii 


I 


□ □ 


»■  - 


SUMMARY 

This  report  describes  a series  of  tests  made  to  eval- 
uate the  performance  of  a triaxial  SQUID  magnetometer  system 
designed  for  use  as  part  of  a compact,  omnidirectional  ELF 
antenna  system.  The  mutual  magnetic  orthogonality  among 

the  three  channels  was  determined  to  be  no  greater  than  2 x 
-4 

10  radians  and  the  instrument  noise  level  of  each  of  the 
three  channels  was  determined  to  be  on  the  order  of  or  less 
than  2 X 10  Tesla  rms/Hz^^^.  These  results  are 
consistent  with  the  specifications  required  of  the  SQUID 
system  and,  thus  the  SQUID  portion  of  the  antenna  will  not 
limit  overall  performance  of  the  antenna. 

The  measurements  were  made  in  the  Spacecraft  Magnetic 
Test  Facility  at  the  Goddard  Space  Flight  Center,  Greenbelt, 
MD . and  at  the  Low  Field  Facility,  MIT  National  Magnetic 
Laboratory,  Cambridge,  MA. 
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EVALUATION  OF  A TRIAXIAL  SQUID  MAGNETOMETER  DESIGNED 
FOR  USE  AS  AN  ELF  MAGNETIC  ANTENNA 

1 

I . introduction  ^ 

A triaxial  SQUID  magnetometer  system  was  purchased  for 
evaluation  of  the  feasibility  of  using  this  type  of  instru-  < 

mentation  in  a compact,  omnidirectional  ELF  receiving 

antenna.^  ^ Most  of  the  performance  characteristics  of  the  ! 

SQUID  system  were  verified  by  the  manufacturer  during  the 

pre-delivery  acceptance  testing.  However,  because  of  the 

very  elaborate  testing  facilities  needed,  the  manufacturer 

was  not  required  to  measure  the  magnetic  orthogonality  among 

the  three  channels  or  to  determine  the  instrument  noise 

level  of  the  individual  channels,  without  a superconducting 

shield  mounted  in  the  dewar  system.* 


*In  operation,  a superconducting  shield  cannot  be  located 
around  the  antenna  as  it  would  shield  the  antenna  from  the 
signal  to  be  measured.  With  the  superconducting  shield 
removed,  Johnson  noise  from  the  conducting  portions  of  the 
dewar  can  couple  into  the  SQUID  system  and  possibly  degrade 
the  performance  characteristics  of  the  antenna. 

Note:  Manuscript  submitted  March  13,  1978. 
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After  the  SQUID  system  had  been  used  in  the  field  for 
preliminary  evaluation  of  its  performance,  it  was  brought 
back  to  NRL  for  the  additional  evaluation.  In  particular, 
it  was  desired  to  measure  the  following  characteristics. 

(1)  the  magnetic  orthogonality  among  the  three  field 
sensing  coils,  one  for  each  channel, 

(2)  the  effective  instrument  noise  level  of  the  SQUID 
magnetometer  and  the  dewar, 

(3)  a careful  measurement  of  the  response  of  each 
channel,  that  is,  the  output  signal  for  a given 
change  in  input  field. 

I I . BACKGROUND 

Or  thogonal ity 

The  response  of  a SQUID  magnetometer  to  ambient  mag- 
netic field  changes  is  a function  of  the  angle  of  the 
magnetic  field  relative  to  the  normal  to  the  plane  of  the 
field  sensing  coil.  During  the  initial  design  consideration 
for  the  ELF  antenna  system  (Ref.  1)  a configuration  using 
three  (nominally)  orthogonal  SQUID  sensors  was  proposed; 
the  outputs  from  these  sensors  would  be  squared  and  then 
added  to  form  a rotational  invariant  quantity.  It  was  shown 
that  to  implement  this  rotationally  invariant  data  processing 

-3 

scheme  for  a platform  with  a stability  of  10  radians  or 

less^ , the  mutual  orthogonality  among  the  three  field 

-4 

sensing  coils  ought  to  be  less  than  10  radians.  During 
the  pre-acceptance  testing  by  the  manufacturer,  it  was  shown 
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that  the  mechanical  orthogonality  among  the  coils  was  better 
- 4 

than  10  radians.  However,  the  manufacturer  did  )t  have 
access  to  a facility  to  test  the  magnetic  orthogonality,  and 
to  construct  such  a site  would  have  been  financially  prohib- 
itive. However,  such  a facility  does  exist  at  the  Goddard 
Space  Flight  Center  in  Greenbelt,  Md.  where  magnetic  ortho- 
gonality could  be  measured  to  (nearly)  the  precision 
required. 

Noise 

Since  the  magnetic  field  sensitivity  of  the  SQUID 
system  is  several  orders  of  magnitude  below  environmental 
background  noise  in  the  30-130Hz  band,  (the  band  of  interest 
for  ELF  reception)  the  measurement  of  instrument  noise  is 
quite  difficult  to  perform.  During  the  preacceptance 
testing,  a superconducting  shield  was  placed  in  the  dewar 
surrounding  the  antenna  to  shield  the  antenna  from  environ- 
mental noise  and  also,  unfortunately,  from  any  Johnson  noise 
that  might  be  generated  in  the  dewar  walls  and  coupled 
into  the  antenna.  To  determine  whether  the  Johnson  noise  in 
the  dewar  degrades  the  antenna  performance,  the  entire 
system  with  the  superconducting  shield  removed,  must  be 
measured  in  a facility  where  the  ambient  background  noise  is 
known  to  be  of  the  order  or  less  than  10  tesla  rms/Hz^^^. 
This  level  of  background  field  noise  could  be  achieved  in  a 
very  large  superconducting  shield,  but  such  a shield  would 
have  to  have  a room  temperature  access  region  of  the  order 
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of  one  foot  in  diameter.  However,  the  Low  Magnetic  Field  • 

Facility  at  the  MIT  National  Magnetic  Lab.  provided  the 
ideal  site  for  the  noise  measurements. 

Re sponsivity 

I 

During  the  pre-acceptance  testing  of  the  SQUID  magnet- 
ometer by  the  manufacturer,  the  response  of  each  of  the 
channels  were  determined  by  the  following  procedure: 

(1)  the  magnetometer,  without  superconducting  shield,  , 

was  operated  on  the  least  sensitive  range, 

(2)  the  system  was  taken  to  a remote  "magnetically 
quiet"  site, 

(3)  a loop  dipole  of  known  size  was  excited  by  ac 
current  and  the  magnetic  field  at  the  site  of  the 
SQUID  magnetometer  was  determined  and  the  responsiv- 
ity  of  the  SQUID  calculated, 

(4)  the  DC  response  was  determined  by  flipping  a bar 
magnet  of  known  magnetic  moment. 

There  were  two  dif f iciencies  to  these  tests.  First  the 

I 

measurements  were  made  on  the  least  sensitive  range  setting 
while  in  operation  under  water  the  SQUID  would  operate  on 
the  most  sensitive  range.  Secondly,  these  measurements  were 
made  over  a surface  of  finite  conductivity  and  any  variation 
in  skin  depth  with  frequency  might  effect  these  ac  measure- 
ments. 

At  the  Magnetic  Test  Facility  at  Goddard,  once  the 
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earth's  magnetic  field  has  been  cancelled  to  an  accuracy  of 
a nanotesla,  a known  field  dc  or  ac  can  be  applied  in  any 
prescribed  direction  with  an  amplitude  known  to  plus/minus  a 
nanotesla.  Since  this  field  is  at  the  center  of  a Braumbek 
coil  and  the  coil  system  is  above  the  surface  of  the  earth, 
any  possible  effects  of  a frequency  dependent  skin  depth 
measurement  would  be  negligible. 

III.  RESULTS 

A . Goddard _Te s ^ - Hagnetic  Orthogonality 
The  Goddard  Facility  consists  of  three  sets  of  138  m 
diameter  mutually  orthogonal  coils,  in  a Braunbek  configu- 
ration to  maximize  the  field  uniformity  at  the  center  of 
the  system  (see  Fig.  2) . This  facility  can  compensate  for 
the  earth's  magnetic  field  to  at  least  1 nanotesla;  further- 
more, it  can  provide  magnetic  fields  in  any  direction, 
varying  from  0 to  55,000  nanotesla,  with  at  least  one 
nanotesla  accuracy  and  with  a uniformity  of  1 part  in  10^ 

over  a centrally  located  2 meter  cube.  Orthogonality  of  the 

-4 

Goddard  magnetic  axes  was  specified  to  be  10  radians  of 

arc  but  had  not  been  checked  to  this  degree  of  precision. 

The  sensing  coils  of  the  triaxial  SQUID  magnetometer 

in  the  low  sensitivity  (10  ^^T)  mode  were  mounted  at 

_2 

the  center  of  the  test  area  and  aligned  (~10  radians) 
with  the  138  m diameter  coils.  The  earth's  magnetic  field 
was  nulled,  and  a calibration  field  was  applied  to  each 
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axis  in  turn.  The  SQUID  outputs  were  measured  ith  a 

DVM  and  several  sets  of  readings  (field  on,  field  off,  field 

reversed)  were  averaged  in  order  to  accurately  determine 

the  sensitivity  of  the  SQUID  magnetometer.  These  results 

are  indicated  in  Table  I. 

The  following  procedure  was  utilized  to  check  the 

magnetic  orthogonality  of  the  SQUID  sensing  coils.  With 

- 2 

the  SQUID  axes  aligned  to  at  least  10  radians  with 
the  Goddard  coils,  fields  of  9000  mT  were  sequencially 
applied  to  each  of  the  three  perpendicular  directions.  For 
each  applied  field,  changes  in  the  outputs  of  the  SQUID  axes 
orthogonal  to  the  applied  field  direction  were  measured 
(i.e.,  for  a vertical  applied  field(UD),  the  east-west ( EW) 
and  the  nor th-south (NS)  SQUID  output  signals  were  noted 
before  and  after  applying  the  field.)  Magnetic  fields 
aligned  with  the  SQUID  coils  could  not  be  determined,  since 
they  exceeded  the  dynamic  range  of  the  system.  We  assume 

4 

that  these  fields  are  9000  mT  to  within  a part  in  10  for 
- 2 

the  10  radian  alignment. 

For  convenience,  we  will  call  N,  E and  U the  three 

Goddard  Field  directions,  and  1,  2 and  3 the  three  SQUID 

axes  directions.  Initially  1 is  aligned  with  N,  2 with 

E and  3 with  U.  If  the  misalignments  in  the  SQUID  axes  are 

denoted  by  e , e , e , etc.,  and  the  misalignments 
X y X z y 2 

in  the  Goddard  Field  directions  are  n„  „,  n.,  ,, , n,,  ,, , 

N E N U U L 
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etc.  then  it  can  be  shown  that  to  first  order  in  e and  n 
that  for  a 9000  ml  field  applied  in  turn  to  N,  E and  U 


[see  Appendix  A) 


(a)  h^  + 


, N„E  ^ , N,  E 
^2^2  ^ ^3^3 


81  X 10 


NE  - X , y 


( r adi ans) 


(b)  H^h2  + h^h^  + h^H^ 
81  X 10^ 


- ®x , z 


(1) 


, ^ uEuU  ^ ,.E,  U ^ , E„U 
(c)  hj^hj^  + H2h2  + ^3^3 

81  X 10^ 


= "eu  i 


Y»  z 


V,  /uN  v,N  ,N,  ,,  E .,E  ,E,  ,.U  ,U  „U, 

where  (H^,  h2 , h^),  (h^,il^,h2),  (h^,h2,H2)  are 

the  measured  components  of  the  fields  applied  in  the  NS,  EW, 

and  UD  direction  respectively.  [Note  the  signs  on  the  right 

hand  side  of  Eq.  (1) .]  The  measured  field  components  and 

all  the  quantities  indicated  in  Eq,  (1) [(a) , (b) , (c) ] are 

shown  i n Table  I . 

-4 

If  we  assume  that  the  n's  are  ~10  radians  or  less 

in  accordance  with  the  facilities  specifications,  then  the 

maximum  SQUID  nonorthogonalities  based  on  the  data  in  Table 

1 and  Eq.  4 would  be  1.5X10  ^ radians  for  x-y,  1.6X10  ^ 

- 4 

radians  for  x-z  and  1.2X10  radians  for  y-z. 

As  an  additional  check  on  the  experimental  consistency, 
the  SQUID  dewar  was  rotated  90  degrees  in  the  horizontal 
plane  so  that  NS  was  now  aligned  with  y,  EW  with  -x,  while 
UD  remained  aligned  with  z.  The  above  experiment  was 
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repeated  with  results  also  indicated  in  Table  1.  In  this 
case,  however,  Eq.  (1) (a)  would  read 


/ ^ uN.  E ^ , N.  E . N.  E 
(a)  H^h^  + h2h2  ^3*^3 


■81x106 ^ (radians)  (2) 

Note  that  the  signs  have  reversed  order  in  Eq.  (2).  This 
means  that  if  the  + sign  were  appropriate  for  the  first 
orientation  the  - sign  is  appropriate  for  the  second  orienta- 
tion. Therefore  from  Eq.  (la)  and  (2a)  we  can  determine  that 
n^^j^  = 1.5X10  ^ radians  and  e^^  = 0.9X10  ^ radians. 

Unfortunately,  since  the  dewar  could  not  be  put  on  its 
side  we  could  not  effect  an  interchange  of  the  other  axes 
to  unambiguously  determine  the  other  misalignments.  However 
because  of  the  consistency  of  the  data  for  the  two  orienta- 
tions nearly  independent  of  rotation,  we  conclude  that  both 

the  Goddard  coil  and  the  SQUID  triaxial  magnetometer  are 
-4 

aligned  to  ~10  radians. 

In  addition  to  the  tests  just  described  several 
auxiliary  tests  were  also  performed.  An  aluminum  shield 
for  the  SQUID  was  used  to  cut  down  the  amplitude  of  storm 
generated  high  frequency  noise  (sferics)  detected  when  the 
system  was  installed  at  a land  based  field  site.  [Underwater 
operation  would  not  require  such  a shield  because  the  water 
will  filter  out  the  sferics).  In  order  to  know  the  amplitude 
of  a detected  signal  at  the  field  site,  the  attenuation 
characteristics  of  the  aluminum  shield  had  to  be  carefully 
determined.  By  applying  a time  varying  field  to  the  Goddard 
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coils  we  were  able  to  measure  the  attenuation  characteristics 
of  the  aluminum  shield  as  a function  of  frequency  from  0.1 
Hz  to  2000  Hz.  These  results  are  shown  in  Fig.  3. 

Also,  the  SQUID  magnetometer  was  utilized  to  measure 
the  noise  frequency  spectrum  of  the  Goddard  Test  Facility. 
These  tests  were  used  by  the  operators  of  the  test  facility 
to  evaluate  the  performance  of  their  feedback  circuitry 
and  to  help  them  design  the  next  generation  of  electronics 
to  null  the  higher  frequency  components  of  the  ambient 
field.  An  example  of  these  results  is  shown  in  Fig.  4. 
Shielded  Room  Noise  Tests 

The  shielded  room  facility  at  the  National  Magnet 
Laboratory  (NML)  consists  of  3 layers  of  mumetal  and  2 
layers  of  aluminum  formed  into  a dodecahedron  (see  Fig. 

(5)).  It  is  capable  of  shielding  ambient  fields  to  better 
than  2x10  ^^T/  Hz^^^  at  selected  frequencies  in  the 
spectrum.  The  magnetic  noise  in  the  room  is  primarily  caused 
by  60  Hz  leakage  and  vibrations  of  the  room  in  response  to 
building  vibration.  This  latter  noise  is  at  a minimum  from 
midnight  to  about  6 A.M.  when  the  building  is  almost  empty, 
machinery  is  off  and  the  subway  (which  pratically  goes  under 
the  building)  is  not  running. 

These  measurements  at  the  NML  would  determine  if  the 
unshielded  SQUID  system  displayed  a noise  level  comparable 
to  or  less  than  that  of  the  shielded  room.  Noise  levels 
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within  the  shielded  room  slightly  exceeded  the  10 
1/2 

T/Hz  level  but  by  comparing  the  noise  measured  with 
our  SQUID  belonging  to  the  NML  we  could  set  an  upper  limit 
on  our  SQUID  and  one  system  noise  of  less  than  2x10 

The  SQUID  system  was  mounted  inside  the  room,  suspended 
from  the  walls  to  decouple  it  from  the  floor,  and  a series 
of  noise  spectrum  measurements  were  taken  in  the  early 
morning  hours  when  the  room  was  quiet.  These  results  were  in 
good  agreement  with  the  room  noise  spectrum  determined  in  a 
previous  independent  study.  Our  results  are  indicated  in 
Table  II. 

A spectrum  of  room  noise  was  also  obtained  by  recording 
the  SQUID  output  and  analyzing  this  data  with  a spectrum 
analyzer.  A typical  spectrum  is  shown  in  Fig.  5.  This 
analysis  once  again  confirmed  the  upper  limit  on  the  SQUID 
system  noise  to  be  less  than  2x10  ^^T/  Hz^^^  which  is 
the  order  of  the  minimum  room  noise  at  selected  frequencies. 
The  sensitivity  of  the  flux  transformer  pickup  coil  was 
reduced  by  approximately  an  order  of  magnitude  and  the  noise 
spectrum  was  remeasured.  At  this  new  sensitivity,  the  room 
noise  was  well  below  the  SQUID  system  noise  for  much  of  the 
spectrum.  In  this  case  the  measured  SQUID  system  noise  was 
1x10  ^^T/  in  agreement  with  the  specifications. 

These  results  are  shown  in  Fig.  6. 

Techniques  for  measuring  the  coherent  narrow  band 
noise  at  76  Hz  were  tested  in  the  NML  shielded  environment. 
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These  measurements  were  performed  by  recording  the  SQUID 
output  and  a 76  Hz  reference.  For  analysis  the  tape  was 
played  back  faster  than  it  was  recorded  generating  a very 
long  effective  time  constant  and  therefo'^e  a very  narrow 
bandwidth.  The  resultant  coherent  noise  at  76  Hz  was  an 
order  of  magnitude  larger  than  expected.  The  measurements 
were  repeated  using  a 152  Hz  reference  on  tape  but  a frequen 
cy  halver  on  playback  to  provide  the  76  Hz  reference.  The 
noise  at  76  Hz  was  reduced  by  an  order  of  magnitude.  To 
eliminate  the  possibility  of  cross  talk  in  the  tape  recorder 
the  first  set  of  measurements  were  repeated  with  the  SQUID 
output  shorted.  The  76  Hz  noise  was  now  at  or  below  its 
level  when  the  76  Hz  reference  was  obtained  by  halving  at 
152  Hz.  Thus  there  was  significant  leakage  of  76  Hz  from 
the  oscillator  into  the  SQUID  electronics  which  made  it 
imperative  not  to  use  any  frequency  that  is  being  detected 
as  a reference, 
ly^ inclusions  : 

In  order  to  test  the  performance  of  the  triaxial 

magnetometer  we  used  the  two  best  magnetic  test  chambers 

in  this  country.  We  conclude  from  these  measurements  that 

the  axis  orthogonality  of  the  magnetometer  system  is  less 
-4 

than  2x10  radians  and  that  the  noise  is  less  than 
1.6x10  T/  Hz^^^.  These  limits  of  veri.ication  are  a 
reflection  of  the  precison  of  the  existing  and  available 
facilities.  They  do  not  necessarily  reflect  the  ultimate 
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capability  of  the  system  as  an  ELF  magnetic  antenna. 

In  fact  we  conclude  that  the  specifications  were  met 
and  therefore  do  not  limit  the  feasibility  of  the  antenna. 

In  addition  very  useful  information  was  obtained  on 
the  susceptibility  of  this  instrument  to  electrical  pickup, 
on  the  performance  of  its  aluminum  shield,  and  on  the 
specifications  of  the  test  facilities  themselves.  This 
latter  information  proved  very  useful  to  the  personnel  at 
these  facilities  and  in  some  respect  justified,  especially 
in  the  case  of  Goddard,  the  generous  donation  of  their  time 
and  effort  in  assisting  with  these  measurements. 
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APPENDIX  A 


It  is  desired  to  estimate  the  actual  errors  in  ortho- 
gonality of  a three  axis  SQUID  sensor  that  is  known  to  be 

-2 

orthogonal  to  at  least  10  radians.  The  method  used  was 

to  align  the  system  to  ~1U  ^ radians  with  the  three 

mutually  orthogonal  coil  directions  of  the  Draunbek  coil 

system  at  Goddard.  It  will  be  shown  that  the  "scalar" 

-4 

product  of  nearly  orthogonal  ( lu  radians)  fields  in  the 
SQUID  reference  frame  are  to  first  order  simply  related  to 
the  nonorthogonalities  of  the  SQUID  reference  frame  and  the 
non  orthogonalities  of  the  reference  fields.  In  the  follow- 
ing we  assume  that  the  reference  fields  are  orthogonal  to 
-4 

~1U  radians  {their  specification).  If  the  Goddard  £ield 

directions  are  N,  E,  U standing  for  North-South,  East-v^est 

and  Up-Down  and  the  SQUID  axes  directions  are  1,  2,  and  i we 

-2 

will  assume  initially  that  1 is  aligned  (~1U  rad)  with  N 
and  2 with  E and  3 with  Up,  tnan  a field  along  N will  have 
measured  SQUID  components  as  follows: 


ri  = ri^+h2  + hj 


4 

where  is  within  a part  in  lu  of  H and  h2  and  h^  are  down 

by  at  least  two  orders  of  magnitude.  The  SqUID  axes  are  not 

quite  orthogonal.  So  we  can  use  a Gram-Schmidt  procedure  to 

rotate  them  to  an  orthogonal  coordinate  frame.  Using  this 
N 

procedure  ri  in  the  SQUID  frame  can  be  rewritten  in  the 
or thogonal ized  frame  as  follows: 
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1 X 


INl 


. w . ,.N  1.  i'j  • i.i’^ 

“j  " ^3“x 


The  e's  are  the  Gram  Schmidt  coefficients.  They  are 
rather  complicated  functions  of  the  angles  between  the  SQUID 


axes  but  since  the  SQUID  axes  are  known  to  be  orthogonal  to 
-2 


at  least  lu  radians  then  to  first  order  in  the  maximum 


-4 


nonorthogonality  p (ie  neglecting  terms  of  ID  or  less) 


1 X 


ho  = P H + h 
2 X y 


(2a) 


^2'  S ~ ^ 


N 


Sirnilary  for  a field  along  E 


ij  ti  _ lE  , b , , L 
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h?  = h^ 
1 X 


tj  = P h + rl 
z X y 


(2d) 


= P + p hJ:  + 


where  again  is  within  a part  in  10  of  H anu  hj^  and  h^ 
are  two  orders  down  in  magnitude.  Since  we  actually 
measure  the  components  in  the  SQUID  reference  frame,  the 
following  product  can  be  easily  formed 


fj  P iJ  F.  fJ  P M ^ 

^1  *^1  ^ ^2  ^ ^3  *^3  ” (pseudo  scalar  product)  PSP  ' 


using  the  transformations  in  (2)  we  can  rewrite  (3) 
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E 2 N E N E 

PSP  = h h + p ri  h + 3 H d 

XX  ^xx  ^xy 


+ 3 + 

y X 

+ 3 h‘''  + 

X z 


h‘^  ‘ty  + ““  hx  * 

H p h“  + h® 
y X y 


,,2  . £>1  . E 
3 h h 

y X 


. . ,N  ,E  . „.E  .d  . o-iE  •I'l 
+ 3h  h + 3h  h + 3H  n 

yz  xz  y z 

+ n n„ 
z z 

dropping  all  second  order  terms  involving  either  an  3 
or  a P times  a small  h.  We  get 


but 


PSP  = + 3 h‘'^ 

XX  yy  zz  xy 

il  ,E  , ,W  jjE  , N,E 
11  n + h H + h h 

XX  y y z z 


is  just  the  scalar  product  of  and  in  the  ortho- 

E 

gonal  coordinate  systemand  is  equal  to  Ih  |H  | cos  (in  “n„_) 

NE 

where  n.,„  is  the  nonorthogonality  of  the  reference  coil 
N b 


Since  n ,,  is  less  ~10 


system 

the  small  angle  approximation 
Therefore 
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radians  we  can  use 


PSP  = lH^|n^g+3H^  Hy 


but 


is  the  same  as  I I |H^|  to  a part  in  lu"^  so  tnat 

X y 

PSP  = Ih'^I  IH^I  ( 
or 
pSP 

.di  I „ ti 
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If  one  now  rotates  the  SQUID  frame  so  that  2 is  aligned  witn 

-2 

N,  1 is  aligned  with  -E  etc.  (to  within  10  radians) 
than  the  sign  of  the  P term  is  just  opposite  to  what  it 
was  in  the  initial  case. 

So  that  in  this  case 

PSP  = Iri'-'^l  iH^Inj^g  -P  Hy) 
or  ^ 

_ n - R 

This  result  can  be  generalized  to  fields  in  all  three 
directions  and  rotations  about  any  axis  to  give  Eq.  (1)  in 
the  main  text  where  the  P 's  have  been  generalized  to 

e ' s . 
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Fig.  1 — This  figure  is  a photograph  of  the  Triaxial  SQUID  Magnetometer 
that  was  tested.  At  the  left  is  the  cylindrical  liquid  helium  dewar  in  which 
the  magnetometer  is  mounted.  The  boxes  on  the  right  are  the  electronics. 
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schematic  illustration  of  the  Goddard  Facility 


Measured  Spectrum  (nanotssla) 


t3  100  150  ZOO 

FREQUENCY  (HZ) 


Fig.  3 — Attenuation  versus  frequency  for  the  cylindrical  aluminum  shield. 
Triangles  are  the  data  for  the  field  along  the  axis  of  the  shield  for  perpen- 
dicular fields. 
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Fig.  4 — A typical  noise  spectrum  along  one  axis  of  the  Goddard 
facility.  Tape  recorded  data  was  analysed  using  a spectrum  analyzer 
whose  output  in  magnetic  field  units  was  plotted  versus  frequency. 
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Fig.  5 — A photograph  of  the  MIT  shielded  room  facility 


Field  (10"''*  Tesla) 


Fig.  6 — A typical  noise  spectrum  obtained  with  the  SQUID  along  one 
direction  in  the  MIT  shielded  room.  Data  were  tape  recorded  at  MIT 
and  spectrum  analyzed  at  NRL.  Magnetic  field  is  plotted  versus 
frequency. 


24 


7 


